Focused ultrasound (US) can stimulate specific regions of the brain non-invasively in animals and humans. This new brain stimulation method has the potential to provide a spatially precise treatment of neurological disorders and to advance brain mapping. To realize this potential, it is crucial to discover how US stimulates neurons. Toward this end, we devised a genetic dissection assay leveraging the well-characterized nervous system of C. elegans nematodes. We found that focused US (0.6-1.0 MPa, 10 MHz) elicits robust reversal behavior in wild-type animals. The response is preserved in animals deficient in thermosensation, yet absent in animals lacking neurons responsible for low-threshold touch sensation. We further found that the mechanical response rests on a properly functioning DEG/ENaC ion channel. Deletion of its MEC-4 subunit abolishes the response. The evidence for a mechanical nature of the response allowed us to maximize mechanical stimulation by pulsing the stimulus at specific pulse repetition frequencies (PRFs). The optimal range of PRFs aligned with that used for US neuromodulation in large mammals including humans, and is consistent with the prediction of a recent molecular model of mechanosensation. Thus, the mechanical forces associated with US are capable of activating mechanosensitive ion channels in a freely behaving animal. The mechanical nature of the effect proposes a specific pulsing protocol to activate neurons that possess mechanosensitive properties in the peripheral and central nervous systems of animals and humans.
Introduction
Low-intensity focused ultrasound (US) stimulates neurons in animals and humans (Harvey, 1929; Fry and 1 others, 1958; Meyers et al., 1959; Foster and Wiederhold, 1978; Gavrilov et al., 1996; Tufail et al., 2011;  
Quantification of response frequency and baseline response frequency
To determine trials in which US evoked a significant reversal, we computed the average velocity vector window preceding the US onset by 1 s. The baseline distribution used the same time windows, just 115 shifted back in time by 1 s. The baseline response frequency was indistinguishable across the tested 116 animal strains (F 4,95 = 0.28, p = 0.90, one-way ANOVA), and was indistiguishable also across the trp-4 117 strains (F 3,36 = 0.27, p = 0.84, one-way ANOVA). 118 Model of response frequency as a function of duty cycle 119 To generate the modeled prediction curve in Fig. 6B , the envelope of signals of the specific duty cycle 120 were converted into frequency domain and convolved with the mechanotransduction filter provided by 121 Eastwood et al. (Eastwood et al., 2015) . The effective (rms) value of the resulting signal was taken as the 122 model's output. Thus, the model has no free parameters. The filter in that study (Eastwood et al., 2015) 123 was defined over the range from 1 Hz to 3 kHz. To obtain a broader range applicable to our simulation, 124 i.e., from 0 Hz to 10 kHz, we used linear extrapolation. 125 
Results

126
As a first step toward determining how nematodes detect and respond to US stimulation, we placed 127 single adult wild-type (N2) animals on sterile agar slabs and tracked their movement using a digital video 128 camera and the Parallel Worm Tracker (Ramot et al., 2008) (Fig. 1) . We subjected each animal to pulsed 129 ultrasound (10 MHz frequency, 200 ms duration, 1 kHz pulse repetition frequency at 50% duty) when it 130 approached the US focus and found that this stimulus elicits robust reversal behavior (Fig. 2 ). Over 10 131 stimulus repetitions in 20 animals, a 1.0 MPa stimulus elicited rapid reversals and this response was not 132 observed when a sham stimulus (0 MPa) was applied ( Fig. 2A,B Behavioral responses were robust within and among all animals tested ( Fig. 2B ). We quantified 134 whether in a given case a response to US was significant, i.e., whether an animal's change in direction 135 due to US was statistically different from spontaneous changes in direction (reversals) known to occur in isotropic conditions (Croll, 1975) and observed during our baseline measurements (see Materials and stimulus repetitions, and refer to this metric as response frequency.
139
The response frequency increased with increasing US pressure applied (Fig. 2C ). For the 0 MPa sham 140 stimulus ( Fig. 2A) , the response frequency was indistinguishable from the spontaneous rate of responding 141 (dotted line; p = 0.52, t-test, n = 20). The response significantly deviated from the baseline starting at 142 0.6 MPa (p < 10 −6 ). At 1 MPa (Fig. 2B) there was a significant response on average in 77.5% of trials.
143
We fit the response-pressure curve with a sigmoid function and estimated that the half-activation pressure 144 equals 0.71 MPa. A one-way ANOVA also detected a significant modulation of the response frequency 145 by pressure (F 5,114 = 103.4, p < 10 −39 ), reinforcing the idea that the probability of ultrasound-induced 146 reversal depends on stimulus pressure.
147
We also tested the effect of the stimulus duration ( Fig. 2D ). In agreement with a previous study that are sufficient to activate neurons. A predominant alternative hypothesis has been that the effects on the nervous system reflect US-induced heating. We sought to exploit the response of wild-type worms to (Driscoll and Chalfie, 1991) , but retain PVD and FLP. As in mec-3 mutants, US failed to evoked reversals in mec-4(e1611) ( Fig. 3C ) and there was no significant modulation of the response frequency by the US 190 pressure amplitude in these animals ( Fig. 3C ; F 5,114 = 1.47, p = 0.20). Moreover, a two-way ANOVA 191 detected a highly significant difference between the strains and a highly significant strain × pressure 192 interaction (both p < 10 −36 depends on the expression of a pore-forming subunit (MEC-4), which is specific to these neurons. As in 199 mec-3 and mec-4(e1611) mutants, we found that mec-4 null mutants are insensitive to US stimulation 200 ( Fig. 3D ). These animals showed no significant modulation of the response frequency by the US pressure 201 (F 5,114 = 0.37, p = 0.87), and there was a highly significant difference between the wildtypes and 202 the mechanomutants and a highly significant strain × pressure interaction (both p < 10 −35 , two-way 203 ANOVA). Although the responses in mechano-mutants seem to exhibit a trend to modulation by pressure which is an essential pore-forming subunit of the ion channel responsible for transducing touch in the 207 TRNs.
208
Thus far, we have shown that focused US evokes reversal behaviors in freely moving C. elegans 209 nematodes in a pressure-and stimulus duration-dependent manner (Fig. 2) and that such responses 210 depend on the animal's ability to detect mechanical but not thermal stimuli (Fig. 4) . These results 211 suggest that US exerts its effect on excitable tissues via mechanical rather than thermal energy.
212
A previous study proposed that the responses to US in C. elegans are in part mediated by the TRP-4 213 ion channel (Ibsen et al., 2015) . Using the same strain as the one used by Ibsen et al. (VC1141 trp-214 4(ok1605)), we also observed a modest deficit in US-evoked behavior (Fig. 5A) . The two-way ANOVA 215 detected both a significant main effect of strain (F 1,228 = 17.8, p < 0.0001) and a significant strain × 216 pressure interaction (F 5,228 = 4.8, p = 0.0003). Thus, these mutants can detect US, but exhibit either a 217 decreased sensitivity to US or a compromised ability to execute US-evoked behaviors.
218
To learn more about the nature of this deficit and because we also observed that these mutants grew 219 slowly compared to wild-type animals, we tested two additional putative null allels of the trp-4 gene: A) trp-4(ok1605) mutants used in a previous study (Ibsen et al., 2015) contrasted with the wildtypes (data from Fig. 2C ). The sigmoid fit to the trp-4(ok1605) data yielded F max = 65%; P 1/2 = 0.83 MPa, slope = 0.13, base = 8%. B) trp-4(gk341) mutants, trp-4(sy695) mutants, and trp-4(ok1605) mutants outcrossed four times with wildtypes (N2). C) Summary of the trp-4 analysis quantified at 1 MPa.
Dotted line represents the average baseline response rate (see Materials and Methods) for each pair. We collected responses from n = 20 wildtype, trp-4(ok1605), and trp-4(gk341) animals and n = 10 from trp-4(sy695) and trp-4(ok1605) outcrossed animals. 
Discussion
265
How US stimulates neurons has been a mystery since the discovery of its neuromodulatory effects in 266 1929 (Harvey, 1929) . Answers to this question have been vigorously sought, especially in recent years 267 which have seen reports of US neuromodulatory effects in humans (Legon et al., 2014; Lee et al., 2015; 268 Lee et al., 2016). To provide insights into the phenomenon, we developed a genetic dissection assay based 269 on C. elegans nematodes. We found that focused ultrasound in the range of pressures previously used for 270 neuromodulation elicits robust reversal behavior of the animals. The response was maintained in animals 271 that are deficient in sensing tiny changes in temperature but was greatly reduced in animals that lack 272 neurons that participate in mechanosensation. This suggests a mechanical nature of the effect.
273
It has been proposed that US may activate neurons by exerting mechanical forces on cellular mem-274 branes and thus activate mechanosensitive ion channels (Tyler et al., 2008; Tyler, 2012) . On this front, we 275 identified an ionotropic mechanosensor, MEC-4, that is required for US-evoked behaviors. In particular, the primary pressure oscillations, which occur at the carrier frequency, cannot explain the frequency 295 dependence of the responses (Fig. 6A) . The second candidate is acoustic radiation force. The radiation 296 force is a non-linear phenomenon associated with momentum transfer from the US wave field to the 297 medium (Duck et al., 1998) . Acoustic radiation force exerts a steady pressure on a target throughout 298 the time of US application. This steady pressure may stretch a cell membrane to an extent that affects 299 conformation states of ion channels embedded within the membrane. The acoustic radiation force may 300 also induce acoustic streaming of the fluid near a neuron, which may further contribute to shear stress 301 on the cell membrane (Tyler, 2011) .
302
The investigation of optimal stimulus parameters ( Fig. 6 ) has relevance to ultrasound neuromodula-303 tion in mammals. In particular, the optimal value of 50% duty (Fig. 6B ) has also been found to be optimal 304 in rats (Kim et al., 2014) . Furthermore, the optimal range of pulse repetition frequencies identified here including Pacinian corpuscules in mammals (Eastwood et al., 2015) . Furthermore, the finding that 312 mechano-electrical transduction of biological tissues can show a substantial dependence on the frequency 313 of impending mechanical pulses (Fig. 6A) can be used to understand and optimize neuromodulatory 314 effects of specific stimulus parameters. For instance, this frequency dependence can be used, by itself,
315
to capture the effect of stimulus duty cycle (Fig. 6B ). This approach is applicable to interpreting and 316 optimizing effects associated with particular stimulus parameters in any biological tissue that exhibits 317 mechano-electrical transduction properties (Kim et al., 2014) .
318
A previous study suggested that US triggers reversal behavior in C. elegans only when US-effect-319 enhancing microbubbles are added to the agar substrate (Ibsen et al., 2015) . We tested a wide range of 320 US parameters and found that short ( Fig. 2D ) and continuous ( Fig. 6A ) stimuli, similar to those used 321 previously (a continuous stimulus 10 ms in duration), indeed produce weak responses. Nonetheless, we 322 found that when the US is delivered in pulses (e.g., 50% duty in Fig. 6A ) of sufficient duration ( 
